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Observations of redshifted 21-cm signal from neutral hydrogen (HI) appear to be the most promis-
ing probe of the cosmic dark ages. The signal carries information about the thermal state along
with density distribution of the intergalactic medium (IGM). The cosmic microwave background
radiation (CMBR), through its interaction with charged particles, plays a major role in determining
the kinetic and spin temperature of HI gas in the IGM during dark ages. A Spatially fluctuating
ionization fraction, which is caused by inhomogeneous recombinations, causes heat transfer from the
CMBR to the IGM gas inhomogeneous. We revisit the impact of this inhomogeneous heat transfer
on spatial fluctuations in the observed HI 21-cm signal over a large redshift range during dark ages.
Our study shows that the effect negatively impacts fluctuations in the HI spin temperature and
results in an enhanced HI 21-cm power spectrum. We find that the effect is particularly important
during the transition of the gas kinetic temperature being coupled to the CMBR to fully decoupled
from it, i.e., in the redshift range 30 . z . 300. It is found that, on the average the HI power
spectrum, PTb(k, z) is enhanced by ∼ 4%, ∼ 10% , ∼ 20% and ∼ 30% at redshifts 60, 90, 140,
and 200 respectively at k = 0.1 Mpc−1. The effect becomes even more significant at lower values of
k2‖/k
2 due to the reduced dominance of the peculiar velocity. It is observed that the power spec-
trum is enhanced by ∼ 49% and ∼ 93% at redshifts 140 and 200 respectively at k = 0.1 Mpc−1 for
k2‖/k
2 = 0. This enhancement has a weak k-mode dependence.
PACS numbers: Valid PACS appear here
Introduction . The Universe started becoming neutral
during the cosmic recombination epoch. Subsequently, it
passed through a long dark episode, known as the cos-
mic dark ages, when there was no source of visible light.
Although an important event, this epoch could not be ex-
plored yet due to lack of observations. Observations using
redshifted 21-cm signal from neutral hydrogen (HI) seem
to be the only viable probe that has the potential to test
and verify our current understanding of the dark ages
by allowing the cosmological investigation of large scale
matter density distribution and thermal history during
the epoch[1, 2]. This can further be used to address
some of the key cosmological questions regarding the for-
mation of the first gravitationally bound objects[3], ori-
gin and formation of seed black holes[4], primordial non-
Gaussianity[5], dark matter decay and annihilation[6, 7],
effect of primordial magnetic fields[8], variations in the
fine structure constant[9] etc.
In the well-established standard cosmological scenario,
the evolution of the background Universe and relevant
physical processes that determine the strength of the HI
21-cm signal during dark ages are known with a high
degree of accuracy. Further, the signal is not compli-
cated by astrophysical processes unlike that during cos-
mic dawn and reionization epochs. This makes it possible
to calculate the observable quantities i.e, the mean dif-
ferential brightness temperature of the HI 21-cm signal
and its spatial fluctuations, which can be well approxi-
mated as linear up to very small scales, with a high level
of precision.
A significant amount of work has already been done in
order to understand both the globally averaged HI 21-cm
signal and its spatial fluctuations during dark ages. Phys-
ical processes such as the recombination[10], coupling of
the gas kinetic temperature with the background CMBR
temperature, collisions between HI and other species[11],
radiative coupling of the HI spin temperature with the
background CMBR temperature, that ultimately deter-
mine the redshift evolution of the HI 21-cm signal, have
been studied extensively (see Ref. [12–14] for a review).
This article focuses on the spatial fluctuations in the
HI 21-cm differential brightness temperature. In particu-
lar, we highlight the role of inhomogeneous heat transfer
from the CMBR to the IGM as an important contributor
to the fluctuations. The fluctuations in the ionization
fraction make the heating of gas inhomogeneous. This
contributes to the fluctuations in the gas kinetic temper-
ature and, consequently, in the spin temperature. The
effect has been included earlier [15–17]. However, the fo-
cus was only at redshift ∼ 50 where the effect was found
to be negligible on the large scale HI 21-cm power spec-
trum. Here, we investigate and quantify, in detail, the
impact of the effect on the HI 21-cm power spectrum
over a large redshift range 30 . z . 300. We adopt a
simple analytical approach which clearly explains roles of
various physical processes leading to the effect. We use
cosmological parameters (Ωm0, ΩΛ0, Ωb0h
2, h)=(0.3, 0.7,
0.02, 0.7), consistent with recent Planck measurements.
Basic 21-cm signal and evolution of mean quan-
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2tities. The differential brightness temperature of HI
21-cm spin flip transition with respect to the CMBR tem-
perature at redshift z can be written as[13]
Tb ≈ T¯ (1 + δb)
(
Ts − Tγ
Ts
)(
H(z)
1 + z
1
dv‖/dr‖
)
, (1)
where T¯ = 27 mK xHI
(
Ωb0h
2
0.023
)(
0.15
Ωm0h2
1+z
10
)0.5
. xHI,
δb and Tγ are the hydrogen neutral fraction, fractional
over density in baryons and background CMBR bright-
ness temperature respectively. The term dv‖/dr‖ is the
gradient of proper velocity of HI gas along the line of
sight. The spin temperature Ts is defined by the relation
n1
n0
= g1g0 e
−T∗/Ts , where n1 and n0 are the number densi-
ties of ground state HI in triplet and singlet states respec-
tively and g1 and g0 are the respective degeneracies with
g1
g0
= 3. T∗ =
hpν21cm
kB
= 0.068 K. During the dark ages,
Ts is mainly governed by two processes: i) collisional
coupling with the gas kinetic temperature Tg, and ii) ra-
diative coupling with background CMBR. Therefore, the
spin temperature during this epoch can be written as[18]
T−1s =
(
xcT
−1
g + T
−1
γ
1 + xc
)
, (2)
where xc = T∗C10/A10Tγ is the collisional coupling co-
efficient. A10 is the Einstein coefficient for spontaneous
emission. C10 = K
HH
10 nHI is the collisional deexcitation
rate of HI from the triplet to singlet state due to HI-HI
collisions. nHI is the number density of the neutral hy-
drogen atom. We do not consider the HI-electron and
HI-proton collisions as they are expected to play negli-
gible roles in the redshift range of our interest. We use
the fitting formula KHH10 = 3.1× 10−17T 0.357g e−
32
Tg m3s−1
given in Ref. [12]. The redshift evolution of the gas ki-
netic temperature can be described by[9]
∂Tg
∂z
=
2Tg
1 + z
− 32σTT
4
o σSB
3mec2Ho
√
Ωm0
(Tγ −Tg)(1 + z)3/2 x
1 + x
,
(3)
where σT, σSB and x = ne/nH are the Thomson scatter-
ing cross section, Stefan-Boltzmann constant, and frac-
tional ionization respectively. Here, we assume nH =
nHI + nHII and nHII = ne, assuming helium to be fully
neutral. We see that the evolution of Tg is determined
by two processes: i) adiabatic cooling of HI gas due to
Universe’s expansion (first term, rhs ) and ii) heat flow
from the CMBR to gas through its interaction with free
electrons (second term, rhs). Note that Tg depends on
the fractional ionization x which, at any redshift, is de-
termined by the interplay between recombination and
ionization processes. The ionization fraction x can be
calculated at any redshift z before reionization using the
equation[10]
dx
dz
=
C
H(z)(1 + z)
[
αex
2nH−βe(1−x)e−hpνα/kBTg
]
, (4)
where C = 1+KΛ(1−x)nH1+K(Λ+βe)(1−x)nH is the probability of a hy-
drogen atom at the first excited state jumping to the
ground state without exciting an adjacent ground state
atom, Λ = 8.3 s−1 is the two photon 2s → 1s transition
rate, K =
λ3α
8piH(z) accounts for redshifting of Lyα photons
due to Universe’s expansion, hpνα = 10.2eV, and αe and
βe are the hydrogen recombination and photoionization
coefficients respectively. Both quantities αe and βe de-
pend on Tg, and we use the functional forms given in Ref.
[19, 20].
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Figure 1. This plot shows the evolution of Tg, Ts, and Tγ with
redshift z.
Figure 1 shows the evolution of the CMBR (Tγ), spin
(Ts) and gas kinetic temperature (Tg) with redshift. Note
that the gas kinetic temperature [Eq. 3] and ionization
equations [Eq. 4] are coupled and need to be solved to-
gether. We compare the solution for x obtained from Eq.
4 with that from the RECFAST code [21] and find ex-
cellent agreement. We also find that at lower redshifts
z . 750, C becomes unity and the photoionization term
becomes negligible compared to the recombination term
in the ionization equation (4) . As a consequence, the
ionization fraction x is essentially determined by the re-
combination and expansion rate of the Universe at later
redshifts. Heating of gas due to transfer of heat energy
from the CMBR is very efficient at higher redshifts due
to higher CMBR temperature and free electron (or gas)
density. This keeps Ts coupled to Tγ at redshifts z & 300.
As the Universe expands adiabatically, both the free elec-
tron density and the CMBR temperature decrease, and
the CMBR heating of gas becomes less effective in main-
taining the gas temperature close to the CMBR tem-
perature. Consequently, Tg starts to decouple from the
CMBR and falls below Tγ at redshifts . 300 and even-
tually scales as (1 + z)2 at redshifts z . 30. It means
that the effects of the CMBR heating of gas remains up
to redshifts z ∼ 30. The spin temperature Ts remains
coupled to Tg up to redshifts z & 100 through HI-HI, HI-
3electron, and HI-proton collisions with the first one dom-
inating over other two during the redshift range of our
interest (30 . z . 300). As the HI gas density and Tg
decrease collisions gradually become inefficient. Mean-
while the radiative coupling of Ts with Tγ takes over at
later redshifts. Consequently, Ts starts to decouple from
Tg at redshift z . 100 and tends toward the CMBR tem-
perature.
Fluctuations in differential brightness tempera-
ture and impact of inhomogeneous CMBR heat-
ing . Radio interferometric experiments are sensitive to
the spatial fluctuations in the 21-cm differential bright-
ness temperature. The linear perturbation theory is ad-
equate to quantify the fluctuations in the 21-cm signal
at large scales during dark ages. It can be seen from Eq.
(1) that the fluctuations in the HI differential brightness
temperature are a combination of fluctuations in baryon
density, spin, and CMBR temperature. The spin temper-
ature fluctuations arise mainly due to the fluctuations in
the gas kinetic temperature and collisional coupling xc.
The fluctuation in baryon density is essentially
the same as that in hydrogen density, δH(r, z) =
nH(r,z)−n¯H(z)
n¯H(z)
. Fluctuations in Tg, x, and Ts are defined
as Tg(r, z) = T¯g(z)[1 + δg(r, z)], x(r, z) = x¯[1 + δx(r, z)],
and Ts(r, z) = T¯s(z)[1 + δs(r, z)] respectively. The hy-
drogen density fluctuations, which trace the underlying
dark matter (DM) density with a bias factor, essentially
lead to fluctuations in all the above quantities. Thus
we relate fluctuations in these quantities to the hydrogen
density fluctuations as δg = g(r, z)δH, δx = m(r, z)δH,
and δs = s(r, z)δH. Note that all δs, g, m, and s are, in
general, functions of spatial coordinates r and redshift z
but we do not show that explicitly hereafter. Using Eqs.
(3) and (4) we obtain equations for calculating redshift
evolution parameters of linear fluctuations in gas kinetic
temperature (g) and ionization fraction (m) as
∂g
∂z
=
(
2
3
− g
)
1
δH
∂δH
∂z
+
32σTT
4
o σSB
3mec2Ho
√
Ωm0
(1 + z)3/2×
x¯
1 + x¯
Tγ
T¯g
g −m
(
Tγ
T¯g
− 1
)
(5)
and,
∂m
∂z
= −m
δH
∂δH
∂z
+
C¯
H(z)(1 + z)
[
α¯en¯H x¯×(
δC + δα
δH
+ 1 +m
)
− β¯ee−hpνα/kB T¯g×mx¯ + (1− x¯)x¯
(
δC + δβ
δH
+ g
hpνα
kBT¯g
)].
(6)
δi is the first order perturbation term in the ith quantity
(i = α, β, C), where δα =
∂αe
∂Tg
T¯g
αe(T¯g)
δg, δβ =
∂βe
∂Tg
T¯g
βe(T¯g)
δg
and δC =
1
C¯
(
∂C
∂Tg
T¯gg +
∂C
∂x x¯m +
∂C
∂nH
n¯H
)
δH. Note that
Eq. (5) is same as the Eq. (25) in Ref. [17] and Eq.
(6) in Ref. [16] but represented differently. Equation 6
is equivalent to the Eq. (30) of Ref. [17] and Eq. (3) of
Ref. [16] if we neglect the photoionization term βe and
take C = 1, which are true for low redshifts. We ignore
fluctuations in the CMBR temperature as it is found to
be smaller compared to others in the redshift range of
our interest. We note that the quantity δH traces the
dark matter density distribution at large scales and lower
redshifts. In these situations, the quantity 1δH
∂δH
∂z reduces
to −11+z . However, we do not make any such assumption
and explicitly calculate the quantity 1δH
∂δH
∂z for different
k-modes.
We use Eq. (2) and find the redshift evolution param-
eter of linear fluctuations in the spin temperature as
s =
xc
1 + xc
g T¯s
T¯g
−
(
T¯s
T¯g
− 1
){
1 + g
d(lnKHH10 )
d(lnTg)
} .
(7)
We note that Eqs. (5) and (6) are coupled; i.e, the fluc-
tuations in the fractional ionization and the kinetic tem-
perature influence each other and eventually affect the
fluctuations in spin temperature. This is due to the fact
that the heating rate increases with the ionization frac-
tion. Consequently, places with higher ionisation fraction
will have higher kinetic temperature.
The spatial fluctuations in the HI differential bright-
ness temperature, defined as Tb(r, z) = T¯b(z) + δTb(r, z),
are shown to be directly dependent on the fluctuations in
hydrogen density δH, dark matter density δDM, and spin
temperature as [1]
δTb(r, z) = T¯ (z)
[(
1− Tγ
T¯s
+
Tγ
T¯s
s
)
δH +µ
2
(
1− Tγ
T¯s
)
δDM
]
,
(8)
where µ = cos θ and θ is the angle between the line of
sight and k-mode. The second term inside the third
brackets arises due the peculiar velocity of HI gas. In
the above equation, we neglect the fluctuations in xHI as
including it shall result in the addition of a term propor-
tional to x¯m(z)
(
1− Tγ
T¯s
)
which is O(10−5) in the redshift
range of interest. The HI 21-cm power spectrum PTb(k, z)
can be directly linked to the dark matter matter power
spectrum P (k, z) as follows,
PTb(k, z) = T¯
2(z)
[(Tγ
T¯s
− sTγ
T¯s
− 1
)
b(k, z)
+µ2
(Tγ
T¯s
− 1
)]2
P (k, z)
(9)
where δH = b(k, z)δDM. b(k, z) significantly differs from
unity at redshift range and scales of our interest [3, 15]
and impacts our results. This quantity has been cal-
culated using CLASS software [22, 23]. Apart from the
4mean quantities and the underlying DM power spectrum,
the HI 21-cm power spectrum depends on fluctuations
in the spin temperature through s, which is related to
fluctuations in the kinetic temperature and coupling co-
efficient [see Eq. (7)]. This tells us that fluctuations in
the kinetic temperature g, which is caused by inhomo-
geneous CMBR heating of gas, ultimately affect the HI
21-cm power spectrum. We discuss this in detail in the
subsequent section.
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Figure 2. This plot shows the redshift evolution of m(z), g(z),
and s(z) in situations when the effect of the inhomogeneous
CMBR heating of gas is considered [m(z) 6= 0] and not consid-
ered [m(z) = 0]. m(z) has been shown for two k-modes. The
quantity δx/δHCLASS , which is essentially the same as m(z),
has been calculated using CLASS software.
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two k-modes for m = 0 (no inhomogeneous CMBR heating)
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Results. Figure 2 shows the redshift evolution of fluc-
tuations in the kinetic temperature (g), spin tempera-
ture (s) at k = 0.1 Mpc−1 and fluctuations in ionization
fraction (m) at k = 0.1 Mpc−1 and k = 1.0 Mpc−1 re-
spectively. These quantities are set to zero at very high
redshift as they are highly coupled to the CMBR and thus
expected to have negligible initial fluctuations. In order
to solve Eqs. (5) and (6), we first obtain δH as a function
of redshift z at different k-modes from the CLASS soft-
ware [22, 23] and then compute 1δH(k,z)
∂δH(k,z)
∂z , which is
essentially the same as 1δH(r,z)
∂δH(r,z)
∂z . Initially, at higher
redshifts, the photoionization plays a major role in de-
termining the ionization fraction x as the CMBR tem-
perature is higher and coupled to the gas temperature.
However, the recombination process starts dominating
at z . 1200 over the photoionization, and, therefore,
m → −1. This means places with higher gas density
have lower ionization fraction because the recombination
rate, which is proportional to the gas density, is higher
there. As the redshift further decreases, expansion of
the Universe plays a significant role in determining m,
and as a consequence, m → 0 at later redshifts. Fig-
ure 2 also compares the evolution of m obtained directly
from CLASS [22] software (by taking the ratio of fluctu-
ations in ionization fraction δx and baryon density δH)
with the same calculated using Eq. (6) for two k-modes
0.1 and 1.0 Mpc−1, and they agree with each other quite
well. Reionization due to stellar sources starts at redshift
z ∼ 15 in the model considered in CLASS which leads to
the deviation in m observed at redshift z . 15.
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Figure 4. This plot shows redshift evolution of the percent-
age change in the HI 21-cm power spectrum due to inhomo-
geneous CMBR heating for two k-modes and µ2 = 0.5.
Next, we find that g, the redshift evolution parameter
of linear fluctuations in the gas kinetic temperature, is
considerably impacted by the inclusion of fluctuations in
the ionization fraction, particularly at redshifts z . 300.
In general, g is effectively zero at redshifts z & 300 when
Tg is highly coupled to Tγ . It starts to increase from
5redshift z ∼ 300 and tends to a value 2/3 as redshift
decreases—a condition for a gas expanding purely adi-
abatically. However, as we discussed above, the ioniza-
tion fraction is inhomogeneously distributed. As a re-
sult, the CMBR heating of gas, which depends on ion-
ization fraction x [see Eq. (4)], becomes inhomogeneous
too. Places with higher gas density, which have a lower
ionization fraction, are less efficient in transferring heat
from the CMBR to gas. Consequently, higher density
places, which normally have higher gas kinetic temper-
atures (g > 0), will be negatively impacted by the in-
clusion of the inhomogeneous CMBR heating caused by
inhomogeneous ionization fraction. This fact is mani-
fested in Eq. (5), which contains −m(Tγ/Tg − 1) inside
the second term on the rhs. For this reason, g gets low-
ered when the effects of inhomogeneous CMBR heating
of gas are considered. Obviously, the effect is negligible
at higher redshifts as Tg and Tγ are coupled. It becomes
important when Tg starts to decouple from the CMBR
and g grows separately at redshift z ∼ 300. It contin-
ues to be important up to redshifts at which the CMBR
heating of gas still plays a significant role in determining
Tg. In other words, the inhomogeneous CMBR heating
of gas is an important contributor to the gas kinetic tem-
perature fluctuations during the transition period of Tg
from being fully coupled to the CMBR to fully decoupled
from it. The other effect that could, in principle, affect
the evolution of g, m and all subsequent results is the
spatial fluctuations in the CMBR density. We consider
this effect and find it to have a negligible impact on both
quantities in the redshift range of our interest.
The redshift evolution parameter of linear fluctuations
in the spin temperature s closely follows g at redshifts
z & 200 and, therefore, gets suppressed when the effect
of the inhomogeneous CMBR heating of gas is included.
This is a consequence of the fact that the spin tempera-
ture Ts including its fluctuations remains coupled with Tg
through collisional coupling at high redshifts. This can
also be understood from Eq. (7). Thereafter, s starts to
unfollow g as collisions, which depend on Tg and HI den-
sity, become less efficient. Later, s becomes negative and
eventually tends to zero at lower redshifts. We note that
s gets suppressed in the redshifts range 30 . z . 200.
Although the generic nature of the redshift evolution of
m, g, and s remains the same for different k-modes, we
find them to mildly increase with k-modes in the redshift
range of our interest.
We finally investigate the effect of the inhomogeneous
CMBR heating of gas on the power spectrum of HI 21-
cm brightness temperature fluctuations. From Eq. (9)
we see that s is directly linked to the power spectrum
in a way in which a suppression of the spin temperature
fluctuations leads to an increment in the power spectrum.
Figure. 3 plots the dimensionless HI 21-cm power spec-
trum ∆2Tb(k, z) = k
3×PTb(k, z)/2pi2 for two k-modes for
the case when the inhomogeneous CMB heating is con-
sidered in the evaluation of s and compares with the case
when the effect is not considered, i.e., m = 0. We assume
µ2 to be ∼ 0.5. We obtain a considerable enhancement in
the HI brightness temperature power spectrum PTb(k, z)
for the first case. At the redshift z ∼ 50, the enhance-
ment in the HI power spectrum is ∼ 2%. This is in good
agreement with the results reported in Refs. [[15, 16]]1.
Further, we find that the HI power spectrum PTb(k, z) is
enhanced by ∼ 4%, ∼ 10% , ∼ 20%, and ∼ 30% at red-
shifts 60, 90, 140, and 200 respectively at k = 0.1 Mpc−1
when the inhomogeneous CMB heating of gas is consid-
ered (see Figure. 4). We also notice that this enhance-
ment has a weak dependence on k-modes. Although the
percentage change is even greater at higher redshifts, the
absolute change in the power spectrum i.e, the quantity
(PTb−PTb,m=0) becomes insignificant as Ts becomes cou-
pled to Tγ . The enhancement in the power spectrum can
be explained using Eq. (9), which shows the power spec-
trum’s dependence on s. As we discussed above, s gets
suppressed when the effect of the inhomogeneous CMBR
heating of gas is included.
Although the above paragraph discussed results for
µ2 = 0.5, the effect on the power spectrum PTb(k, z)
would be different for different values of µ2 [see in Eq.
(9)] which varies from 0 to 1. For higher values of µ2, the
contribution from the peculiar velocity effect, which is in-
sensitive to the inhomogeneous heating, becomes higher.
This reduces the overall effect of the inhomogeneous heat-
ing on the HI power spectrum PTb(k, z). For µ
2 = 1, we
find that PTb(k, z) is enhanced just by ∼ 1.7%, ∼ 2.7%,
∼ 6.4%, 11.5%, and ∼ 16% at redshifts around 50, 60,
90, 140, and 200 respectively at k = 0.1 Mpc−1. On the
other hand, the changes are considerably higher at ∼ 3%,
∼ 5%, ∼ 17.5%, 49%, and ∼ 93% at redshifts around 50,
60, 90, 140, and 200 respectively at k = 0.1 Mpc−1 for
µ2 = 0. However, we note that, the observed signal at
modes corresponding to µ2 . C2C2+1 will be highly dom-
inated by contributions from strong foreground sources.
Here C is a function of both the antenna primary field
of view and redshift z [24]. Thus, these modes may be
avoided while extracting the HI 21-cm power spectrum
from observed data. On the other hand, some small
k⊥-modes are not available in radio interferometric ob-
servations due to a lower baseline cut-off. This poses
restrictions on using modes corresponding to µ2 ∼ 1.
Consequently, the intermediate modes centered around
µ2 ∼ 0.5 are likely to be more useful for HI 21-cm power
spectrum measurements.
Summary and Discussion . Observations of the red-
shifted 21-cm signal seem be the only viable probe of
1 We note that Refs. [[15, 16]] looked at the effects on the angu-
lar power spectrum Cl where as we focus on PTb(k, z). These
two different statistical quantities can be compared only for an
“average” value of µ2, which is assumed to be 0.5.
6cosmic dark ages. The kinetic temperature of the in-
tergalactic neutral gas, which plays a major role in de-
termining the HI 21-cm signal, is significantly affected
during dark ages by the heat transfer from the CMBR
to gas through its interaction with free electrons. The
heat transfer from the CMBR to gas in the intergalac-
tic medium depends on the ionization fraction, which is
inhomogeneously distributed in space mainly due to the
inhomogeneous recombination process. We investigate,
in detail, the effect of the inhomogeneous CMBR heat-
ing of gas on the HI 21-cm differential brightness tem-
perature fluctuations over a large redshift range during
dark ages. We follow a simple analytical formalism which
clearly explains roles of relevant physical processes lead-
ing to the effect. We find that the inhomogeneous heating
of gas causes additional fluctuations in the kinetic tem-
perature and, consequently, in the spin temperature and
ultimately in the 21-cm signal. We also find that the
effect has detectable signatures in the HI 21-cm power
spectrum when the gas kinetic temperature Tg starts to
decouple from the CMBR at redshift z ∼ 300. The ef-
fect remains important down to redshift z ∼ 30 up to
which the CMBR heating of gas plays a significant role
in determining Tg. In other words, the transition period
of Tg being fully coupled to the CMBR to fully decou-
pled from it remains important for the effect. Our results
agree quite well with earlier studies which focus only on
redshift ∼ 50 and find a negligible effect on the HI power
spectrum. However, we find that the HI power spectrum
PTb(k, z) is considerably enhanced by ∼ 4%, ∼ 10% ,
∼ 20% and ∼ 30% at redshifts 60, 90, 140, and 200 re-
spectively for k = 0.1 Mpc−1 and µ2 = 0.5. The effect
becomes even higher for lower values of µ2 due to the
reduced influence of the peculiar velocity which is insen-
sitive to the inhomogeneous heating. We also notice a
mild change in our results at higher k-modes. At higher
redshifts z & 300 the effect makes negligible changes in
observable quantities as the spin temperature gets cou-
pled to the CMBR temperature. The effect has its root in
the underlying matter and gas density fluctuations and,
therefore, is intrinsic to any calculation regarding HI 21-
cm signal during dark ages. It has to be considered in
every situation where the gas kinetic and spin tempera-
ture fluctuations play important roles.
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